ABSTRACT The meteorological observations from satellites in the microwave domain are currently limited to below 190 GHz. The next generation of European Organization for the Exploitation of Meteorological Satellites Polar System-Second Generation will carry an instrument, the ice cloud imager (ICI), with frequencies up to 664 GHz, to improve the characterization of the cloud frozen phase. In this paper, a statistical retrieval of cloud parameters for ICI is developed, trained on a synthetic database derived from the coupling of a mesoscale cloud model and radiative transfer calculations. The hydrometeor profiles simulated with the weather research and forecasting model (WRF) for 12 diverse European mid-latitude situations are used to simulate the brightness temperatures with the atmospheric radiative transfer simulator (ARTS) to prepare the retrieval database. The WRF+ARTS simulations have been compared with the special sensor microwave imager/sounder observations up to 190 GHz: this successful evaluation gives us confidence in the simulations at the ICI channels from 183 to 664 GHz. Statistical analyses have been performed on this simulated retrieval database, showing that it is not only physically realistic but also statistically satisfactory for retrieval purposes. A first neural network (NN) classifier is used to detect the cloud presence. A second NN is developed to retrieve the liquid and ice-integrated cloud quantities over sea and land separately. The detection and retrieval of the hydrometeor quantities (i.e., ice, snow, graupel, rain, and liquid cloud) are performed with ICI-only, and with ICI combined with observations from the microwave imager (MWI, also on board MetOp-SG). The ICI channels have been optimized for the detection and quantification of the cloud frozen phase. Adding the MWI channels improves the performances of the vertically integrated content mostly for the cloud liquid phase. The relative error for the retrieved integrated frozen water content (FWP, i.e., ice+snow+graupel) is below ∼40% for 0.1 kg/m 2 < FWP < 0.5 kg/m 2 and below ∼20% for FWP > 0.5 kg/m 2 .
I. INTRODUCTION
Ice clouds play a significant role in the Earth's energy budget: they cool the atmosphere by reflecting the incoming solar radiation but also heat the atmosphere by absorbing and reemitting outgoing infrared radiation. The ice cloud parameters such as the cloud optical thickness, the cloud altitude, and the ice particle effective radius determine their net radiative effect [1] - [3] . However, so far, we lack global measurements of these cloud parameters and there are large discrepancies in the cloud ice content predicted by the different global climate models [4] , [5] . To handle this challenging issue, millimeterwave and sub-millimeter-wave satellite observations have been suggested some time ago [6] - [8] , for their sensitivity to the ice cloud parameters such as the integrated cloud ice content, the cloud height, and the ice particle size. The visible and infrared radiometry techniques have been also studied to quantify the ice cloud properties [9] , but they tend to saturate when the cloud optical thickness increases [10] .
Sub-millimeter radiometers have already been launched for atmospheric chemistry (the Sub-Millimetre Radiometer (Odin-SMR) and the Earth Observing System Microwave Limb Sounder (EOS-MLS)) but in a limb-sounding mode, with coarse horizontal spatial resolution. No down-looking sub-millimeter satellite radiometer has been flown yet. The Ice Cloud Imager (ICI) will be the first instrument to equip a meteorological satellite in the millimeter to sub-millimeter wave domain [11] . It will have frequencies from 180 to 664 GHz and a conical scanning mechanism. TABLE 1. Channel characteristics of the MWI and ICI radiometers, including their frequencies, bandWidth (BW), instrument noise (Net T), polarization, and main spectral feature [11] .
It will fly on the future generation of European Meteorological Operational satellites, MetOp-SG, to be launched in 2021 / 2022. The same platform (MetOp-SG-B) will also embark another MicroWave Imager (MWI) measuring at lower frequencies from 18 to 183 GHz. A MicroWave Sounder (MWS) will also be placed on the MetOp-SG suite at frequencies from 23 to 230 GHz, but on MetOp-SG platform A. The ICI and the MWI channel characteristics are presented in Table 1 .
In preparation for the exploitation of the millimeter to sub-millimeter wave observations from satellites, statistical methodologies have been developed to estimate the ice cloud quantities. [12] retrieved the integrated cloud ice content, the cloud ice median mass equivalent sphere diameter, and the median cloud ice mass height, using two different training databases. The databases were derived from radiative transfer simulations applied to atmospheric profiles from the Atmospheric Radiation Measurements (ARM) program with the addition of randomly generated cloud quantities [13] for one, and from profiles combining Cloudnet radar data and European Center for Medium range Weather Forecasting (ECMWF) analysis [14] for the other. This work illustrated the sensitivity of the ICI frequencies to the cloud parameters, with a theoretical accuracy of 20% / 17% (median relative error) for IWP for a mid-latitude winter/tropical scenario.
In this study, our objective is to design a statistical retrieval algorithm to extract primarily the cloud ice parameters, based on an extensive database of simulations provided by realistic atmospheric scenarios over Europe. Statistical retrieval techniques are prone to very optimistic results when tested without caution so we pay extra attention here to the robustness of our results: physical realism of the used databases, statistical representativity of the databases, and avoiding overtraining phenomenon where the algorithm is able to perform well on the training dataset but unable to generalize on new data. Our analysis involves first the ICI instrument, but the methodology is also applied to the combination of the ICI and MWI channels to evaluate their potential synergy. The atmospheric profiles, clear and cloudy, are provided by a cloud resolving model. This ensures physical consistency among the different parameters. The Weather Research and Forecasting model (WRF) model is selected and run for a collection of diverse real cases over Europe. Radiative transfer simulations are performed on the resulting atmospheric profiles, using the Atmospheric Radiative Transfer Simulator (ARTS) along with carefully selected scattering properties of the hydrometeors. The database generation is described in Section II. The simulations are systematically compared to collocated Special Sensor Microwave Imager / Sounder (SSMIS) satellite observations below 200 GHz and the statistical representativity of the database is tested (also in Section II). Then statistical methods are developed, first to detect the clouds, second to quantify the cloud parameters, based on NN methodologies (Section III). Finally, Section IV concludes this study. Figure 1 presents the different steps to build the retrieval training database, along with the relevant tools. First, twelve diverse meteorological situations are collected to cover as well as possible the variability of the European situations, in terms of cloud parameters. These cases have been selected by considering the important atmospheric features associated with main weather systems across Europe (e.g., the Azores High, the Icelandic Low, the North Atlantic Oscillation, and the Siberian Anticyclone), for their different locations in Europe, their different seasons, their different synoptic backgrounds (both ocean and land cases), and their content of different precipitation types (convective, stratiform, and orographic precipitations), in order to meet the diversity requirement for the statistical training of the retrieval. Furthermore, we also checked that the selected scenes were observed by the SSMIS instrument, for comparison of the simulations with the satellite observations below 200 GHz. The meteorological cases are described in Table 2 .
II. PREPARATION AND EVALUATION OF THE RETRIEVAL TRAINING DATABASE
Here we present the tools that are implemented to generate the retrieval database, including the cloud resolving model (Section II-A) and the radiative transfer code (Section II-B).
Coupling the cloud resolving model and the radiative transfer simulator requires specific care to maintain consistency between the cloud particles generated by the cloud resolving model and their scattering properties. The assumptions on the microphysical properties in the cloud resolving model and the calculation of the single scattering properties are discussed (in Section II-C).
A. THE CLOUD RESOLVING MODEL WRF
The WRF [15] version 3.5.1 with the ARW (Advanced Research WRF) dynamic core is used to generate realistic atmospheric profiles and microphysical cloud parameters. WRF is a mesoscale numerical weather prediction system designed for both atmospheric research and operational forecasting needs. It is composed of a fully compressible and nonhydrostatic dynamical Euler core, with a terrain-following coordinate. In this study, the initial and lateral boundary conditions in WRF were obtained from the National Center for Environment Prediction (NCEP) Final Analysis (FNL) data every six hours. Two domains were selected for all the simulations, with 9 and 27 km horizontal grid spacing in the inner and the outer domains, respectively. The atmospheric fields in the inner domain with its 9 km resolution are compatible with the ICI horizontal resolution (16 km) and are used as inputs for the radiative transfer simulations. 104 vertical levels are defined from the surface to 50 hPa, with 20 levels within the lowest 2 km to better capture the characteristics of the planetary boundary layer. The spin-up times are at least 16 h. All the simulations were treated by the Noah 4-layer land surface model [16] , the Monin-Obukhov surface scheme [17] , the Yonsei University (YSU) planetary boundary layer scheme [18] , the Rapid Radiative Transfer Model (RRTM) longwave radiative simulation [19] , the Dudhia shortwave radiative simulation [20] , and the Kain-Fritsch cumulus scheme [21] .
Microphysical processes in the clouds control the formation, the growth, and the interactions of liquid droplets and frozen particles [22] . Furthermore, cloud microphysical processes interact with the macrophysics modules in the cloud VOLUME 5, 2017 model through the latent heating/cooling, the condensate loading, the surface mechanisms, and the radiative transfer processes, all very challenging to parameterize [23] , [24] . A number of bulk microphysical schemes are available in WRF V3.5.1 to parameterize the cloud microphysical processes, including single-and double-moment approaches. The single-moment microphysical schemes predict the mixing ratio of each hydrometeor, while the double-moment schemes also provide the number concentrations for some hydrometeor species [25] , [26] . However, information about key parameters controlling the scattering properties, namely the particle sizes, their density, or shape, are still largely simplified in all schemes.
In this study, the WRF Single Moment -6 class (WSM6) [27] microphysical scheme has been selected after several tests: it provides robust results and runs fast enough. This scheme has been developed primarily by [28] and [29] . It includes a temperature dependent intercept parameter for snow, the auto-conversion of cloud water to rain, and the inclusion of sedimentation of ice particles [27] , [30] . It predicts the mixing ratios of five hydrometeors (cloud ice, snow, graupel, rain, and cloud water). The major characteristics of each hydrometeor type (Particle Size Distribution (PSD) and density) are indicated in Table 4 .
The WRF configurations for the 12 selected cases are detailed in Table 3 . The rainfall rate and the surface pressure pattern from WRF are shown in Figure 2 for the 12 cases at the SSMIS overpass times (indicated in the figure caption). The synoptic situations of these events show a large variability including extratropical cyclones (e.g., cases 2 and 12), tropical-like cyclones (e.g., case 6), cold fronts (e.g., case 9), and mesoscale convective systems (e.g., case 8), covering different ranges of precipitation (larger in cases 6, 7, and 11, smaller in cases 4 and 5). The histogram of the vertically integrated hydrometeor contents (i.e., Ice Water Path (IWP), Snow Water Path (SWP), Rain Water Path (RWP), Graupel Water Path (GWP), and Cloud Water Path (CWP)) are displayed in Figure 3 . The different scenes show very variable distributions of cloud hydrometeor contents, especially for the SWP which has a large dynamical range (maximum values of SWPs between 1.5 and 4.5 kg/m 2 ).
Note that in the literature, the IWP can represent the total integrated content of the frozen quantities in the cloud (ice, snow, graupel, as used in the introduction of this paper) or 
TABLE 4.
The particle size distribution (PSD), the intercept parameter, the slope parameter, and the particle density of each predicted hydrometeor in the WRF Single-Moment 6-Class Microphysics Scheme (WSM6, [27] ). T is the air temperature in K; T 0 is the temperature of the triple point of water in K; D is the equivalent spherical diameter in m; ρ is the particle density in kg/m 3 ; ρ a is the air density in kg/m 3 ; q is the hydrometeor mixing ratio in kg/kg.
only the ice particles. In the following, the IWP will represent the integrated content of the small ice particles, and the integrated content of all frozen quantities will be noted Frozen Water Path (FWP=IWP+SWP+GWP).
B. THE RADIATIVE TRANSFER MODEL ARTS
The radiative transfer simulations in the microwave and submillimeter wave range are performed with ARTS [31] . This state-of-the-art model can solve the scattering radiative transfer with the Discrete Ordinate ITerative (DOIT) [32] method (adopted for the 1-dimension (1D) simulations) or the reverse Monte Carlo (MC) [33] method (for the 3D cases). In this study, a 3D atmosphere is simulated by WRF and therefore, the MC method is used for the radiative transfer simulation. The [34] gas absorption model is selected to calculate the absorptions of water vapor, oxygen, and nitrogen in all the simulations. Note that the choice of the absorption model may induce uncertainties in the radiative transfer simulations, especially at high frequencies. However, the uncertainties related to WRF modeling of the ice phase and to the simulations of the scattering properties in the radiative transfer will clearly dominate the error budget. Realistic surface emissivities are needed for the full frequency range. They are derived from the recently developed TELSEM 2 (Tool to Estimate Land Surface Emissivity from Microwave to sub-Millimeter waves, [35] ) over land and TESSEM 2 (Tool to Estimate Sea Surface Emissivity from Microwaves to sub-Millimeter waves, [36] ) over sea: these emissivity parameterizations provide surface emissivities up to 700 GHz, for all surface types.
C. SELECTION OF THE HYDROMETEOR SCATTERING PROPERTIES
Uncertainties in the description of the physical properties of the frozen particles (e.g., particle size, density, and shape) can lead to large uncertainties in the simulated brightness temperatures, and consequently large discrepancies with the satellite observations. The sensitivity of the radiative transfer simulations to the hydrometeor microphysical parameters has already been discussed and tested by comparison with available passive and active microwave observations up to 200 GHz (e.g., [37] - [41] ). The hydrometeor Single Scattering Properties (SSP) are very sensitive to the hydrometeor microphysical parameters, especially their sizes and dielectric properties. For the frozen particle, the dielectric property strongly depends upon the particle density, from pure ice (density of 916 in kg/m 3 ) to light snow flakes (density below 100 in kg/m 3 ). In this study, the SSPs of the hydrometeors will be calculated using the Mie theory for spherical particles, except for snow. For liquid particles (cloud water and rain), and for frozen particles such as cloud ice and graupel, these assumptions have proved realistic [38] , [39] . However, for snow, the Mie calculation has shown limitations [39] , [41] , with the difficulty to account for the 'soft' nature of the VOLUME 5, 2017 particles [42] . Lately, the Discrete Dipole Approximation method (DDA) [43] has been widely investigated to calculate the SSPs of frozen particles (e.g., [42] , [44] - [47] ), due to its flexibility regarding frozen particles with arbitrary and complex geometries. DDA calculations are very time consuming and several pre-computed DDA databases for frozen particles of different shapes are available [42] , [45] , [48] - [50] , which can be incorporated directly into the radiative transfer models (e.g., ARTS). The [50] database will not be analyzed here as it does not provide the phase function. The [48] database contains 11 randomly oriented frozen particle habits (see Table 5 ), for frequencies from 13.4 to 340 GHz. The ice refractive indices are taken from [51] at temperatures between 273.15 K and 233.15 K. The [49] database is also tested, with its six randomly oriented non-spherical frozen particles at frequencies from 89 to 874 GHz. The ice refractive indices are from [52] at 243.15 K. These DDA datasets are calculated for a range of particle sizes, with specific assumptions on the particle shape and density (see Table 5 ). Are the DDA hypotheses compatible with the cloud model parameterization? In order to choose a DDA database, we test the compatibility of the hypotheses adopted in the cloud model and in the DDA. The snow particle densities in the WSM6 scheme and in the DDA databases are compared in Figure 4 , as a function of the particle maximum diameter (D max ). The snow density shows a considerable variability depending on the particle type and the database. The density of the [49] aggregates is closer to the one given in the WSM6 scheme, providing more consistency with the cloud model outputs. Therefore, the [49] DDA database for aggregates is used to provide the SSPs for snow particles between 89 and 664 GHz in this study. At lower MWI frequencies, the SSPs for snow are calculated with the Mie theory for spheres, with the scattering becoming negligible in this frequency range. This database have been also selected by [47] for its better performances as compared to other DDA databases. Up to now, note that modeling of the scattering properties with DDA methodology does not provide polarization information. Studies are underway to account for the orientation of particles in the DDA calculation, as the polarization information can provide additional information on the ice particle habits (shape and orientation), as discussed in [40] , [53] , and [54] .
D. EVALUATION OF THE SIMULATION DATABASE BELOW 200 GHz
The WRF / ARTS simulations described above represent real meteorological cases and have been selected to correspond to SSMIS overpass times. The simulations are thus evaluated by comparisons with the SSMIS observations for the frequencies from 89 to 183 GHz. Figure 5 shows the observed and the simulated brightness temperatures at 6 SSMIS channels, for two meteorological situations (cases 7 and 11). At all frequencies, the spatial structures of the observations are fairly well reproduced by the coupled WRF / ARTS simulations. At 89 GHz horizontal polarization, the emission from the cloud liquid phase is clearly observable over the cold oceanic background (the emissivity over ocean is significantly lower than over land). At this frequency, the good agreement between the simulations and the observations suggests that the liquid cloud characteristics have been correctly modeled by WRF and that TELSEM 2 and TESSEM 2 generate realistic surface emissivities. At 150 GHz, the observed brightness temperature depressions related to the scattering effect of the cloud frozen particles is also well reproduced by the simulations, implying that the parameterization of cloud frozen quantities from WRF is realistic, as well as the selected scattering assumptions. In the three channels located in the water vapor absorption line at 183.3 GHz (183.3±1, ±3, and ±7 GHz), the water vapor absorption tends to mask the cloud emission and scattering as well as the surface contribution, with the extent of the masking depending on the spectral distance from the center of the absorption line: the agreement between the simulations and the observations confirms the quality of the WRF simulations and their efficient coupling with ARTS. Similar conclusions can be drawn from other cases (not shown). However, note that the cloud and precipitation structures can be slightly misplaced by the cloud model compared to the observations, as already mentioned by several authors (e.g., [55] , [56] ). For case 11 for instance, the WRF simulates the extratropical cyclone over the North Atlantic closer to Portugal, compared to the satellite observations.
For a systematic comparison of the simulations and observations minimizing the effect of the observed mis-locations, the histograms of the observed and modeled brightness temperatures are compared, for some SSMIS frequencies and for the pixels in all the 12 scenes ( Figure 6 ). The coastal pixels (up to ∼15 km from the coast) have been excluded to avoid the large differences in brightness temperatures related to the high variability of the surface emissivity around the coast in addition to the difference in resolution between the surface emissivity estimation and the satellite footprints. The number of pixels has two peaks with the brightness temperatures around 200 K and 260 K at surface sensitive channel 89 GHz H, corresponding to the sea and land cases. At 89, 157 and 183±7 GHz, the simulations produce lower brightness temperatures than the observations. This can be due to an overestimation of the cloud frozen quantities in WRF simulations, to deficiencies in the SSP of the frozen particles, or to a combination of these two effects. Overall, the WRF / ARTS model combination reproduces rather well the brightness temperature distributions for all the investigated channels at frequencies lower than 190 GHz. It gives us confidence in the possibility to simulate realistic brightness temperatures at higher frequencies up to 664 GHz. Figure 7 shows the simulated brightness temperatures at all ICI and MWI channels for case 11. Note that this study focuses mostly on the ICI instrument, and we assume that all MWI channels have the same field-of-view as ICI, i.e., 16 km. At low frequencies, strong contrasts are observed [48] and Hong [49] and for the snow in the WRF WSM6 microphysical scheme, the frozen particle habits, D max , the range of equal-mass sphere radius, the coefficient a, the exponent b (SI units assumed). L is the particle length, and d is the hexagonal diameter (distance between opposite vertices).
between ocean and land, with an increasing effect of the cloud structures over ocean as the frequency increases. In the window channels at 89 GHz and above, the presence of frozen particle is characterized by the scattering that increases with frequency. Above 325 GHz, the atmospheric opacity above the clouds tends to mask the scattering signal, at least for this case.
E. STATISTICAL ANALYSIS OF THE RETRIEVAL TRAINING DATABASE
Our retrieval database contains (1) the geophysical variables describing the 12 cases of Section II (atmospheric variables, especially the vertically-integrated contents and the vertical profiles of six hydrometeors), and (2) the corresponding simulated brightness temperatures at ICI and MWI channels. This retrieval dataset contains 57% pixels over land and 43% pixels over ocean. A question could arise: Are these cases enough for the training of a statistical retrieval? The 12 cases could be disjointed or describing only part of the possible hydrometeor cases. In order to verify this aspect, leave-oneout generalization tests have been performed (Section III) to ensure that these 12 cases sample well the complex space of hydrometeor profiles. The quality of a statistical retrieval database is essential for either a Bayesian [57] or a neural network [58] retrieval scheme. As a consequence, it is important to first analyse the quality of this database.
First, a preliminary information content analysis is performed in order to measure the degrees of freedom in the hydrometeor variables to retrieve and the information actually carried out by the satellite observations (i.e., ICI or MWI channels). Principal Component Analyses (PCA) is a statistical procedure that uses an orthogonal linear projection to transform correlated original vectors into a new uncorrelated coordinate system. PCA aims at explaining as much variance as possible in the first components, so it is a good technique to analyze the variability of a database, in particular by estimating the number of degrees of freedom. Figure 8 represents the variance explained by the first PCA component for the hydrometeor information (integrated quantities and atmospheric profiles) and for the microwave brightness temperatures. Results show that the six integrated hydrometeor contents in the left panel (resp. 104×6=624 variables of the hydrometeor profiles in the middle panel) from WRF can be explained by 4 (resp. 36) components that represent more than 99% of the variance. Results are similar for land and ocean surfaces. These results mean that in order to retrieve the hydrometeor variables with 1% precision, at least 4 independent pieces of information would be required for the integrated quantities and 36 for the profiles. However, only 4 pieces of information can be derived from the 13 ICI channels (again for 99% variance), shown in the right panel. This means that there are strong correlations between the ICI channels. This number increases to 6 pieces of information when using the 39 ICI+MWI channels (not shown). These results stress the difficulty of retrieving the integrated hydrometeor information with only ICI channels, and the hydrometeor profiles even when adding the MWI channels.
The number of degrees of freedom is a first assessment of the constraints for the retrieval. However, the retrieval really depends upon the relationship between the satellite observations and the variables to retrieve. Therefore, the correlation between the ICI brightness temperatures and the integrated hydrometeor quantities have been estimated over both land and sea ( Figure 9 ). As mentioned in Section II-D, the ICI channels are more sensitive to the frozen phases (cloud ice, snow, and graupel) than to the liquid ones (rain and cloud water) in the clouds. Correlation with FWP reaches −0.85 (−0.83), −0.90 (−0.88), and −0.82 (−0.79) with respect to the 183±7, 243, and 325±9.5 GHz window channels over land (sea), respectively. Note that negative correlations are as good as positive ones for the retrieval. Among the frozen particles, snow has the most significant signature at window channels (compared to cloud ice) due to its stronger scattering. This is opposite for higher frequencies (> 448±7.2 GHz). In addition, the correlation coefficients for the liquid phases are much lower, as expected, especially for the cloud water (< 0.2 for all the channels). Therefore, Figure 9 shows the potential of ICI channels for frozen particle retrieval but also the difficulty for the liquid particle retrieval. However, ICI information can be complemented with MWI observations. The correlation between the MWI brightness temperatures and the integrated hydrometeor contents has been calculated as well (not shown). Lower frequencies are typically the more sensitive channels to the integrated cloud liquid properties, especially over sea with a correlation of 0.72 / 0.74 at 31.4 GHz for cloud water/rain, which shows well the complementarity of both instruments.
III. STATISTICAL RETRIEVAL OF CLOUD HYDROMETEOR CONTENTS
In this section, a statistical retrieval scheme is developed to retrieve cloud hydrometeor contents (both frozen and liquid phases). A first step consists in the detection of clouds and the second one in the quantification of each hydrometeor integrated quantity and atmospheric profile. These two statistical steps are trained using the realistic database presented in Section II. Retrievals have been performed systematically using ICI-only and ICI+MWI channels.
A. CLOUD DETECTION AND CLASSIFICATION
The cloud detection (i.e., presence of cloud or not) and classification (i.e., specification of the cloud type) has two main applications. First, it is an interesting way to measure the information content of the satellite observations and study the sensitivity of each channel to the several types of hydrometeors (frozen and liquid). Second, it is a necessary preliminary step before the actual cloud retrieval that intends to quantify the hydrometeor quantities.
1) A NEURAL NETWORK (NN) CLASSIFIER
The NN is a nonlinear statistical model [59] . It can be used as a regression tool to estimate quantities, but it can also be used as a classifier, for instance for cloud classification [60] . A standard feedforward NN is used for each hydrometeor, in order to classify what type of cloud is present. The NNs have 13 or 39 inputs corresponding to the ICI or ICI+MWI channels, 10 neurons in the hidden layer and one output neuron. The NNs are trained with binary data (0 for no cloud, 1 for cloud pixel), but the NN outputs are continuous values between 0 and 1 and this output represents the a posteriori probability for the pixel to be cloudy [61] . Once trained, the NNs will provide, from the satellite observations only and for each pixel, a probability of being cloudy. A threshold on this probability will be needed to decide if the pixel is cloudy or not.
The training of the NNs uses the database containing the simulated (WRF+ARTS) brightness temperatures for ICI-only and ICI+MWI channels, for the twelve midlatitude scenarios in Europe (Section II). The cloud flag for each hydrometeor is identified according to a threshold superior to 0.01 kg/m 2 on each hydrometeor vertically integrated content. A classification has also been defined for the total hydrometeor and total frozen hydrometeor (ice+snow+graupel) contents using the same threshold. The database is used to construct the learning (to train the NNs) and the testing (to test the NNs ability to classify) datasets.
The NNs are trained using a standard back-propagation algorithm [62] . A leave-one-out approach is used to minimize or prevent the over-fitting problem where NNs perform well on the training dataset, but are unable to work on new atmospheric situations. Each time, 11 out of the 12 cases are used for the training, and the remaining case is used to test the NN. This is performed 12 times, to obtain 12 testing cases. The results presented in the following section will be the synthesis of these 12 testing cases. Using a different approach would conduct to arbitrary obtain generalization results very dependent on the choice of the testing dataset (often with too optimistic results). The leave-one-out approach provides more confidence on the robustness of the results. Figure 10 presents the histogram of the NN a posteriori probability of being cloudy, for each hydrometeor, over land and sea separately, for the 12 cases, from the ICI information only. The solid (resp. dashed) line represents the probability distribution of the non-hydrometeor (resp. hydrometeor) pixels. Ideally, the solid line would be a Dirac distribution over zero, and the dashed line would be a Dirac distribution over one. The wider the intersection of the distribution, the more ambiguous the classification is. Note that some distributions are more ambiguous for some hydrometeors (e.g., rain). Therefore, different thresholds for the classification need to be used for different hydrometeors. Threshold values of 0.4, 0.5, 0.4, 0.2, 0.3, and 0.5 have been chosen for total frozen, cloud ice, snow, graupel, rain, and cloud water hydrometeors, respectively. Resulting classification accuracies are satisfactory (up to 94.7% and 90.4% for the nonhydrometeor pixels and for the hydrometeor pixels, respectively) over land. These rates are similar over sea since the surface contribution is very limited at frequencies higher than 183 GHz (ICI channels) due to large atmospheric opacity. The classification has also been performed for each hydrometeor when using ICI+MWI channels, the resulting accuracy for each hydrometeor has been specified in red in Figure 10 . As expected, adding lower frequencies improves the detection of the cloud liquid phase, with an increase of the classification accuracies of 10.0% over land and 15.6% over sea for the rainy pixels, and 18.7% and 62.0% for the cloud water pixels. For the frozen particles, the classifier gives very similar results when using ICI-only or ICI+MWI channels, which suggests that the MWI channels do not provide more information on the frozen particles detection than ICI, as expected. Figure 11 shows the spatial patterns of the integrated contents, the a posteriori cloud probabilities estimated by the NN classifier with ICI+MWI channels, the retrieved flags, and the initial flags, for all the six hydrometeors and the total hydrometeors, for case 11 (described in Table 2 ). The VOLUME 5, 2017 FIGURE 10. Probability histograms for each integrated hydrometeor content retrieved by a NN classification with ICI-only (black) and ICI+MWI (red) channels over sea and land. The classification accuracy for the non-hydrometeor (c) and hydrometeor pixels (h) are shown. The threshold value for each hydrometeor is shown by a grey line. The solid (resp. dashed) line represents the probability distribution of the non-hydrometeor (resp. hydrometeor) pixels.
2) CLOUD CLASSIFICATION RESULTS
estimated spatial structure of each hydrometeor pixel by the NN classifier is globally similar to the initial one, which suggests that our classification has a good performance in detecting the location of each hydrometeor and total cloud. With ICI only (not shown), the frozen cloud structures (ice, graupel, and snow) are well detected, but there are difficulties to detect the liquid phase (cloud and rain) due to the lack of lower frequencies.
B. RETRIEVAL OF CLOUD INTEGRATED CONTENT 1) RETRIEVAL ALGORITHM
The relationships between the brightness temperatures at different frequencies and the hydrometeor column masses are complex, multivariate in nature, and non-linear. A multilayer feed-forward NN retrieval algorithm is again chosen to model these complex physical links. The number of inputs are the same (13 channels for ICI-only and 39 channels for the ICI+MWI channels), 10 neurons in the hidden layer, and 6 neurons are used to code the FWP, IWP, SWP, RWP, GWP, and CWP retrieved vertically integrated quantities.
The training and testing datasets are the same as in Section III-A about cloud detection and classification, except that this time, the variables to retrieve are not binary (presence or not of the cloud) but real continuous variables (i.e., the cloud integrated quantities). The dataset contains only pixels classified as cloudy by our detection/classification process (Section III-A).
To reduce the effect of the classification uncertainty on the hydrometeor content retrieval, the individual hydrometeor classification is used, instead of using the total cloud classification (see Figure 11 ). This helps avoiding ambiguities in the cloud liquid phase detection when using only ICI channels. Again, the leave-one-out process (11 cases for training and one case for testing, repeated 12 times) was used to train . From left to right: the spatial patterns of six integrated contents (kg/m 2 ), the probabilities estimated by the NN classifier with ICI and MWI channels, the retrieved flags, and the initial flags for six hydrometeors and the total hydrometeors for case 11 over Portugal at 07:00 UTC, on January 19, 2013. and test the NNs, ensuring that no over-training is artificially increasing the confidence in the retrievals.
The leave-one-out scheme ensures that the 12 cases sample well the space of possible hydrometeor profile states. No significant difference is measured on the 12 trials in the generalization tests. This means that there is no extreme departure of one case compared to the remaining 11 cases, and that FIGURE 12. Scatter plots of vertically integrated contents of ice, snow, rain, graupel, cloud water, and total frozen quantities from the WRF outputs and the NN method with ICI-only channels (2 top rows) and ICI+MWI channels (2 bottom rows) over land (first and third rows) and sea (second and fourth rows). Each color represents the results for one case (same color as in Figure 3 ). the statistical NN retrieval is able to interpolate between the cases, despite the large variability of the cases. This also shows the statistical quality of the dataset built in Section II, for the retrieval purposes.
To determine the ability of the retrieval algorithm to accurately quantify the hydrometeor amounts, the differences between the retrieved and initial values are measured in terms of both the absolute and relative averaged errors, as a function of the hydrometeor amounts. Indeed, the relative error (resp. absolute error) is generally more relevant for evaluating the retrieval performances for the larger (resp. smaller) hydrometeor contents.
2) RESULTS Figure 12 shows the scatter plots of the retrieved column contents of the six hydrometeors versus the initial ones, over land and sea, for ICI-only and ICI+MWI channels.
No instrument noise is considered so far. Each color represents one of the 12 cases (each one is the testing dataset in the leave-one-out approach). When considering only ICI channels, the retrieved cloud liquid phases (RWP and CWP) saturate at their lower values (0.5 kg/m 2 and 0.3 kg/m 2 ), slightly underestimating the higher liquid phase contents, and overestimating the lower ones. This implies that the increasing opacity at higher frequencies and near the water vapor absorption line masks the signal from lower liquid clouds to a large extent. In contrast, the agreement between the retrieved and initial cloud frozen phase contents is very good, in particular for the SWP, due to the strong scattering signals at higher frequencies by frozen particles. Note that a saturation regime appears also in the IWP retrieval over both land and sea, around 0.4 kg/m 2 .
When adding the MWI channels, the retrieval performances are improved mainly for the cloud liquid phases, VOLUME 5, 2017 as expected. It illustrates well the sensitivity of the low microwave frequencies to the emission by the cloud liquid phase, and their limited sensitivity to the frozen phase above, allowing the retrieval of the cloud liquid contents in a vertical column. Therefore, combining ICI and MWI instruments, by covering the frequency range from 18.7 to 664 GHz, allows overcoming the limitations of lower frequencies (i.e., not sensitive to the smaller frozen particles at higher altitudes) and of higher frequencies (i.e., lack of capacity to extract the information from lower altitudes). Over sea, the retrieval algorithm reproduces better the integrated hydrometeor contents, specially for the cloud liquid phases when using ICI+MWI channels. This is due to the fact that at surface-sensitive channels the surface contribution from the sea is rather limited (low surface emissivity) as compared to the land (high surface emissivity). As a consequence, these channels have a larger impact over sea than over land, as discussed by [63] or [64] .
The ICI+MWI retrieved hydrometeor content patterns are shown in Figure 13 for case 11. The spatial distribution of all the hydrometeors are well retrieved. The convective part of the eye wall is well retrieved. Note, however, an underestimation of the IWP north of the eye. Surprisingly, there is no evident discontinuity on the retrieved RWP and CWP over the coasts, although this is often observed in rainfall retrievals [65] , [66] . This land / sea discontinuity however appears when only ICI channels are used in the CWP retrieval. This is due to the difficulty in distinguishing the emitted signals from cloud liquid particles from warmer land surface, losing the direct link between the brightness temperatures and the CWP. Figure 14 shows the averaged absolute and relative retrieval errors, per bin of 0.01, 0.04, 0.04, 0.04, 0.02, and 0.06 kg/m 2 for, respectively, the six hydrometeors contents (IWP, SWP, RWP, GWP, CWP, and FWP), over land and sea, with ICI-only or ICI+MWI channels. The limited information from higher frequencies (ICI-only) induces large absolute and relative retrieval errors in RWP, CWP, and GWP (situated at relative lower altitudes), notably for larger contents. Therefore, the following discussion will focus on the retrieval results with ICI+MWI channels. As expected, in the light hydrometeor content ranges, the relative errors are higher, even exceeding 100% for very small contents. The relative retrieval errors for IWP, SWP, RWP, GWP, CWP, and FWP drop and remain below 20%, 20%, 20%, 40%, 30%, and 20% from 0.25, 0.5, 0.25, 0.2, 0.2, and 0.5 kg/m 2 , respectively. Note that the relative errors drop below 40% for 0.1-0.5 kg/m 2 . They increase again and start to fluctuate for larger hydrometeor contents, due to the limited number of these cases in our retrieval database. The absolute errors increase with hydrometeor contents, except for the IWP. The absolute errors are larger than 0.04 kg/m 2 for the IWP less than 0.05 kg/m 2 , showing the difficulty in lower IWP retrieval. This high uncertainty associated with the low IWP is due to the lack of scattering, even at high sub-millimeter frequencies, over small ice particles in limited quantities. Note that both absolute and relative errors for the IWP retrieval are very similar in the two channelconfigurations, demonstrating that the ICI channels can provide enough information for the IWP retrieval.
The impact of realistic instrumental noises on the accuracy of the retrieval algorithm was investigated. The instrumental noises go from 0.6 K to 1.2 K for the MWI channels and from 0.6 K to 1.9 K for the ICI channels (see Table 1 ). The noise value at each channel was added to the simulated brightness temperatures but their impact on the retrieval results was negligible (not shown) because the instrumental noise is negligible compared to the other sources of uncertainties such as, for instance, the low-information content of some channels for some hydrometeors, or the ambiguity of the signal in one channel.
C. HYDROMETEOR PROFILE RETRIEVAL

1) RETRIEVAL APPROACH BASED ON A PCA REPRESENTATION
In order to represent the ice water content (IWC), snow water content (SWC), rain water content (RWC), graupel water content (GWC), cloud water content (CWC), and frozen water content (FWC) vertical profiles, 6×104 variables are needed. It would be unrealistic to retrieve independently these 624 variables from the small number of microwave channels (and even lower number of independent pieces of information in the observations, see Section II-E). Therefore, a PCA technique was used to reduce the size of the outputs in the retrieval algorithm, by using the strong dependencies (correlations) that exist between the vertical layers in the profile, and among the hydrometeor types. In order to represent 99% of the 6 hydrometeor profiles variance, 35 components are necessary over sea and 42 components over land. Note that the PCA has been performed over all the hydrometeor profiles at once. A NN model is then used to retrieve, from the microwave channels, these 35 or 42 components that are then reversed into the original coordinates to obtain the hydrometeor profiles. It should be noted that only 4 (resp. 6) pieces of information were present in the ICI-only (resp. ICI+MWI) channel-configuration (Section II-E) so obviously, only the dominant part of the profile variability can be retrieved, not the details (e.g., vertical inversions in the profiles or subtle structures in the atmospheric column).
2) RESULTS Figure 15 shows the initial and retrieved IWC, SWC, RWC, GWC, CWC, and FWC profiles from the ICI+MWI channels (with no instrumental noises), for case 11, along the transect between 8 • W and 9 • W. The vertical structures of the cloud system, especially the convective core, are well reproduced, with a similar amount and location of the frozen particles than in the original WRF profiles. For the IWC profile retrieval, the results imply that the retrieved IWCs are much larger (up to 0.15 kg/m 3 ) than the initial ones (up to 0.08 kg/m 3 ). This overestimation might be because the NN retrieval cannot separate the contribution of the ice from the other frozen hydrometeors in the brightness temperatures. For the liquid profile retrievals, the NN underestimates their contents, with limited vertical structures compared to the initial ones. Overall, the retrieval algorithm can capture the major structure of frozen phase profiles. Considering the number of pieces of information required to fully represent the hydrometeor profiles, and the information content of the satellite observations, the retrieval of the six hydrometeor profiles remains a true challenge. Our retrieval gives one profile solution (i.e., the simplest and most regular profiles) among all the possible ambiguous ones. This is the only possible strategy, unless an independent source of information is added such as a model in the variational assimilation context.
IV. CONCLUSIONS AND PERSPECTIVES
The second generation of the EUMETSAT-EPS-SG will carry an instrument, ICI, with channels between 183 and 664 GHz. It will provide unprecedented measurements in the submillimeter spectral range above 200 GHz, contributing to an innovative characterization of the frozen phase in the clouds. This study is a contribution to the preparation of this upcoming satellite sub-millimeter imager, with the development of a statistical retrieval algorithm of the cloud frozen water content, based on NN methodologies. Combination of ICI and MWI observations has also been explored, with frequencies from 19 to 664 GHz.
The retrieval database is derived from ARTS radiative transfer simulations, fed with a detailed and realistic description of the atmospheric profiles from the WRF cloud resolving model, for twelve European mid-latitude cases. When coupling these two models, special attention has been paid to the selection of the microphysics scheme in WRF and the calculation of the SSPs in ARTS. The WRF WSM6 microphysical scheme has been selected: it predicts the mixing ratios of five hydrometeors (cloud ice, snow, graupel, rain, and cloud water). A DDA pre-calculated database from Hong provides realistic SSPs for snow particles. The performance of the coupling results has been evaluated by comparison with existing satellite observations up to 190 GHz with SSMIS. A good agreement has been obtained for the twelve cases at the investigated frequencies, giving us confidence in these WRF+ARTS simulations. The retrieval database prepared with the WRF+ARTS models includes the atmospheric variables of interest describing the 12 cases and the corresponding simulated brightness temperatures at ICI and MWI channels. The statistical quality of the database, as well as the information content of the simulated brightness temperatures have been investigated, with PCA and correlation analyses. A NN classifier and a NN retrieval algorithm are developed to detect and quantify each cloud hydrometeor quantity, trained on the WFR+ARTS database, for ICIonly and for ICI+MWI channels. The classifier gives very satisfactory accuracy in detecting the cloud frozen hydrometeors when using ICI-only channels, with an accuracy of ∼90 % of the cloud detection over land and ocean. For the cloud hydrometeor quantification, the retrieved cloud frozen phase contents is satisfactory with ICI-only channels for IWP above 0.05 kg/m 2 . The absolute error is larger than 0.04 kg/m 2 for IWP less than 0.05 kg/m 2 , showing the difficulty in lower IWP retrieval. The relative error for the retrieved integrated frozen water content (FWP) is below ∼40% for 0.1 kg/m 2 < FWP < 0.5 kg/m 2 and below ∼20% for FWP > 0.5 kg/m 2 . Adding the MWI channels improves the detection and quantification essentially for the cloud liquid phase, as expected. For the hydrometeor profiles, the retrieval algorithm can capture the major vertical structures of the cloud profile, but fails to detect the details.
This work is based on realistic simulations with the WRF+ARTS models, along with a carefully crafted retrieval methodology, to obtain a valid assessment of the retrieving capacity of the ICI and MWI instruments. The simulations (training and test databases) of 12 diverse and representative events have been compared and validated with existing satellite observations up to 200 GHz (which is rarely done in this field). This largely limits the sources of uncertainty. However, some sources of uncertainty have not yet been accounted for, which may affect the retrieval performance. The instrumental noises have been taken into account in the retrieval, but not the uncertainties in WRF modeling / parameterization and in the radiative transfer modeling with ARTS. This could have a major impact on the retrieval performance. We concentrated so far on European situations. With TRMM, studies focused on the Tropical regions and mid-latitude situations were deserving special attention. Tropical situations as well as polar cases will be added to the database. For that, it is advised again to simulate real scenes observed by the current satellites, for an evaluation of the radiative transfer simulations up to 200 GHz. An aircraft demonstrator of ICI, the International Sub Millimeter-wave Airborne Radiometer (ISMAR), has been flown during three campaigns on board the FAAM aircraft, with measurements from 118 to 664 GHz. Several flights were designed for the cloud and precipitation studies. Our retrieval could be adapted to aircraft situations and tested with ISMAR observations. Since 1990, she has been a Researcher with the Centre National de la Recherche Scientifique, Laboratoire d'Etudes du Rayonnement et de la Matière en Astrophysique, Paris Observatory. From 1995 to 2000, she was with the NASA/Goddard Institute for Space Studies, Columbia University, New York. She is currently the Co-Founder of Estellus, a start-up specialized in satellite Earth observations and also an Adjunct Research Scientist with the Water Center, Columbia University. She was involved in the modeling of the sea surface emissivities at microwave wavelengths and the estimation of atmospheric parameters over ocean from microwave measurements. She has authored over 120 papers in international journals, covering a large range of Earth remote sensing applications. Her current research interests include satellite microwave remote sensing of the Earth, for both surface and atmosphere characterization for global applications, the atmospheric and surface parameters over land from microwave observations using the synergy with satellite measurements at other wavelengths, key surface parameters include microwave land emissivities, all weather determination of land skin temperature, and the first estimates of the wetland extent and dynamics at global scale, and satellite remote sensing of clouds with the analysis of passive microwave and millimeter observations. VOLUME 5, 2017 
